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Also shown in Fig. 9 is the linear solution for a 5° pitch
displacement. A considerable difference between the linear
solution and the nonlinear solution for the payload pitch
angle is apparent. For a similar one-degree displacement,
the two solutions agree within =0.04°.

Conclusions

Equations of motion that describe the three-dimensional
motion of a nonrigid parachute and payload have been de-
rived in a form which is convenient for numerical solution.
A computer-aided small-disturbance stability analysis of the
equations revealed that a relatively small parachute could
be used to stabilize a statically unstable payload. Stability
of the system was found to be improved by increasing para-
chute tangent force coefficient and normal force coefficient
slope. Increasing riser length and parachute weight was
seen to decrease system stability. The computer techniques
developed allow a rapid stability analysis of large systems of
linear ordinary differential equations of the type considered.
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Unsteady Airfoil Stall, Review and Extension

Lars E. Ericsson* anp J. PeTeEr REDING T
FLockheed Missiles & Space Company, Sunnyvale, Calif.

A review of existing theoretical and experimental data has revealed that existing capabili-
ties to predict full-scale unsteady airfoil stall are highly unsatisfactory. Existing theories
can realistically only be applied to thin airfoil stall, and are completely inadequate in de-
seribing unsteady stall of the leading-edge or tailing-edge type, which comprise the stall types
usually encountered both on helicopter rotors and compressor blades. The characteristic
missing in present theories, and which completely dominates dynamic stall of the leading-
edge and trailing-edge types, is the effect of pitch-rate-induced accelerated flow on the lee-
ward side of a pitching airfoil. This flow acceleration produces a relief of the adversity of the
pressure gradient, causing the observed delay of the stall and large overshoot of C1,,,. An
analysis is presented that realistically describes unsteady airfoil stall in incompressible flow,
including the accelerated flow effect on leading-edge and trailing-edge stall. It is found that
quasi-steady theory, in which time history effects are lumped to one discrete past time event
and the accelerated flow effect is represented by an equivalent time lag, can adequately de-
scribe the unsteady airfoil characteristics in the complete angle of attack range from sub-

stall into deep stall. Anmnalytic predictions are found to agree well with dynamic experimental
data. At very high frequencies, however, the agreement starts to deteriorate.

Nomenclature
AR = agpect ratio, AR = b?/8S
A/A, = amplitude ratio, Eq. (2)
B/B, = amplitude ratio, Egs. (7-10)
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b = wing span, m

C = general aerodynamic coefficient, Eqs. (1-3)

¢,6 = reference length, m: ¢ = 2-dimensional chord length;
¢ = 8/b, mean aerodynamic chord

f = frequency, cps

h = airfoil camber, m

L = lift, kg, coefficient Cr. = L/(pUx2/2)S

i = lift, kg/m, coefficient ¢; = 1/(pUx*/2)c

M = Mach number

M, = pitching moment, kg-m, C,. = M,/(pUs2/2)S¢

mp = pitching moment, kg-m/m, coefficient ¢n = my/
(puUx?/2)c?

N = normal foree, kg, coefficient Cxy = N/(pUx2/2)8
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normal force, kg/m, coefficient ¢, = n/(p,U2/2)c

static pressure, kg/m? coefficient C, = (p — pu)/
(pUx?/2)

piteh rate, rad/sec

Reynolds number based on chord length

reference area, m?

time, sec

veloecity, m/sec

horizontal coordinate, m

translatory coordinate, m (Fig. 3)

angle of attack, rad or deg

generalized angle of attack, rad or deg, Fiq. (4)

trim angle of attack, rad or deg (Fig. 3)

pitch rate induced angle of attack, rad or deg (Fig. 3)

translation induced angle of attack, rad or deg (Fig. 3)

increrent

downwash factor, Eq. (1)

dimensionless coordinate ¢ = 2., /¢ (Fig. 3)

angle-of-attack perturbation, rad or deg (Fig. 3)

dimensionless @ coordinate, ¢ = z/¢ (Fig. 3)

center of oscillation (Fig. 3)

air density, kg-sec?/m4

pitch rate induced camber angle, rad or deg (Fig. 3)

airfoil cireulation, m?/sec (Fig. 1)

phase lag, rad or deg Eq. (2)

wake lag, rad or deg Fq. (2)

total phase angle, rad or deg Eqs. (7-10)

oscillation frequency, rad/sec

reduced frequenecy, & = wf/Us or we/Us

translatory phase angle, rad or deg Eq. (5)
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Subscripts

accelerated flow effect

center of gravity
boundary-layer edge conditions
s, stall stall

154
=
([ (|

w = wake lag effect

S = undisturbed flow

0 = oscillation center and trim angle
Superscripts

-4 upstroke value

— = downstroke value

Differential symbols

é = 00/0t
¢ = o /o’
Cry = 0(L/d«a
€ = ae/ba

Introduction

NSTEADY airfoil stall is an old problem that recently

has received renewed attention by the compressor! and
helicopter? industries. It is well documented experimentally
that dynamic instability results when the airfoil penetrates
into the stall region.®* The resulting stall problems for
helicopters have been enumerated recently.® Thus it is of
great practical interest to be able to understand and prediet
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Fig. 1 The von Karman-Sears vortex wake effects. -
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unsteady airfoil stall characteristies. This is particularly so
in view of the fact that even dynamically scaled model tests
may not be applicable to full scale. The usual problems of
wind tunnel and support interference are aggravated by the
sensitivity of airfoil stall to surface roughness, flow uni-
formity, Reynolds number, and air turbulence. Only if the
unsteady stall mechanism is fully understood can an “analytic
extrapolation” to full seale be made with confidence.

It is clear that neither theory nor experiments alone will
provide a satisfactory solution. However, if the unsteady
aerodynamics can be related theoretically to static aero-
dynamic characteristics, which are readily available for a
great number of airfoil shapes, a very substantial advance-
ment of the state of the art will be accomplished. This has
been attempted before without outstanding success. The
present approach rests heavily on previously developed un-
steady flow concepts for separated flow on launch vehicles
and re-entry bodies.” A conceptual flow picture is construeted
and analytic relationships between dynamic and static char-
acteristics are developed.

Analysis

The unsteady airfoil characteristics in incompressible flow
will be derived using quasi-steady theory in which the time
history is represented by one discrete past time event and the
accelerated flow effect is represented by an equivalent time
lag.

Below Stall

Below stall the classic treatment by von Kdrmédn and
Sears® will be used as the exact theory with which to compare
quasi-steady time-lagged theory. In the von Kdrmén-Sears
theory, the effect of the airfoil wake is represented by a con-

- tinuous vortex sheet with the vorticity related to the in-

A/A0
——— - —— KARMAN-SEARS THEORY (REF 8)
LUMPED WAKE EFFECT, Eq (2)
— — — _ QUASI-STEADY WITH CONSTANT

1.0 _—
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V TIME LAG, Eq (3), <0,16
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0.8 AN MATION, Eq (8),©20,1%
~
\\\
0.7 \
e
0.6F T
0.5k
¢
20
IGF

—7‘/ ————————————— l‘\

0 L L L 1 [ -
0.2 0,4 0.6 0.8 1.0 1.

2 @

Fig. 2 Comparison between quasi-steady lumped-time
history treatment and exact theory for vortex wake effects
below stall. :
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stantaneous variation of the ‘lifting-surface” vorticity over
the airfoil at earlier time instants. In Tig. 1, the “lifting-
surface” vorticity distribution is represented by the lifting
line vortex I', at 259 chord with the requirement of zero
velocity normal to the airfoil at 75%, chord, a “lumped vor-
ticity”” representation that has been in frequent use since
Multhopp® proposed it. It is immediately apparent that
the downwash from unit size vortex elements between § =
0.25 and ¢ = 1.25 would give zero net downwash at 759,
chord. TIf the reduced frequency is low, one can expect that
the effect of the continuous vortex wake can be approximated
by one discrete “spilled” vortex (located downstream of £ =
1.25). The strength of this vortex is the difference between
the strength of the lifting line vortex at an earlier time instant
To(¢ — At), and its present strength, T', (¢).

In the von Kdrmgn-Sears theory the mutual interference
between vortex elements is neglected and the vortices are
assumed not. to move relative to their environment, i.e.,
they are transported downstream relative to the airfoil with
freestream velocity. Thus, the unsteady characteristic of
the airfoil can be written

Ct) = Claw) + Col8t) — elf) — 6t — AT} (D)

where At = ¢(§ — 0.25)/U., = cAL,/U..
For harmonic oscillations a(t) = «a, -+ A8 sinwt the corre-
sponding variation of the airfoil characteristic can be written

[C() — Cla))/(Calrl) = (A/A,) sin(wt — ¢) (2a)
A/Ay = {[1 = ea(l — c0sAP)J* + e, sindg]2}2  (2b)
¢ = arctan{ (e, sinA¢)/[1 — e (1 — cosAp)I}  (2c)
Ad = wAl = GAE, (2d)

The results obtained by von K4rmdn-Sears® suggest the
following values on ¢, and A, in Eq. (1): €, = 0.5; Af, =
3.

At low frequencies this quasi-steady lumped time history
theory compares well with the von Kédrmédn-Sears theory
(Fig. 2). The results suggest the following approximation
for the unsteady vortex-wake effect (also shown in Fig. 2).

CW) — Cla) = CalAd (A/4,) sin(wt — ¢)  (32)

4 { 1 P e<06 L

4, 10.475[1 + 10&)~2]: & > 0.16 ’
1.50 & <0.16

¢ = { 14° L 5>016 B9

" All generation of circulation-lift has this vortex-wake
effect. An airfoil pitching around an oscillation center
£o.. = £, that also describes translatory oscillations, has
the following component characteristics:

Cu(t) — Crla) = Criall) — elalt) — alt — A)]} +
Crlola®] — elole®] — gt — ADY}) (4a)
Con®) = Cular) = Cono ([og(®)] — eafolg®)] —
algt — ADIY) — [Cn() — Cu(@)](025 — &) (4b)
alt) = 00) + elg®] + al2()] (4c)
8,a(q),0(q), and «a(2), as defined in Fig. 3, are

6() = A0 sinwt (5a)
alg®)] = (0.5 — &)wAf coswt (5b)
a(q@)) = wAf coswt (5¢)
alt)] = @A cos(wt + ») (5d)
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= \\
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a(g = (0.5 - § )5‘?’:
o(q) = %
6(t) = Af sin wt . o(z) = ZUC—G - EC:

&(t) Af sin (0t + ¥)

Fig. 3 Definitions of perturbations 6,a(q),s(q), and «(2).

In addition to these time lagged characteristics there are
the instantaneous apparent mass effects??

Cr(®) = (7/2)(@/ U (6a)
Cu(®) = /206 — 1/2)2% /U2 (6b)
Cr(f) = (w/2)(c6/U..) (6c)
Cr(f) = —m/2(k0 — 1/2)620/1 2 (6d)
C.(6) = 7/2(¢0 — 1/2)é6/U., (6e)

Cu(@) = —7/2[(%0 — 1/2)% + 1/32126/U.2 (6D

Two special cases are of.particular interest, viz., pure
translations and pure oscillations in pitch.
Translatory oscillations

z2(t) = CAY sinwt (7a)
CL®) — Crla,) = Cr,@A{(B/B,) cos(wt — ) (7b)
B/B, = (A/A,) cosp[l + (tang — a;)2]¥/2 (7¢)

tany = tang — o (7d)

m = [(7/2)w/Cr,]/[(4/4,) cosp] (7e)

Co.(t) = Cula,) = —CrL,wA{(0.5 — £)(B/B,) cos(wt — ¢¥)
(8a)

B/B, = (A/A,) cospla:? + (a» tang — a;)2]V2  (8b)

tany = tang — a,/a. (8e)

as = (0.25 — £)/(0.50 — &,) 8d)

Pure oscillations in pitch: 8 = A# sinwt
Cr(t) — Cr(a,) = C1,A8(B/Bo) cos(wt — )  (92)

B/Bo = (A/Ao) cosop[(by + a1 — tang)? +
(b tang + 1 — az)2]V2  (9b)
tany = (b tand -+ 1 — ay)/ (b + a; — tangd)  (9¢)

b1 = (05 - Sg —|— CL,,,/CLQ)O_J (gd)
as = (ll(O.S - Eo)(;) (ge)

Con(t) — Cula,) = —Cr,A0(0.5 — £)(B/B,) cos(wt — ¥)
(10a)

B/Bo = (A/Aa) COS¢{ [(bl(h — bz) — O tanq& + 01]2 +
[(b1a2 - bz) tand: + ay — a4]2} 1/2 (IOb)
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Fig. 4 Substall dynamic lift characteristics for small
amplitude oscillations in pitch around quarter chord.

tany = [(bya — b2) tang + az — asl/
[(bias — b)) — ae tang + a;] (10c)
by = Coy /C1,0.5 — £,) (10d)
a: = a3 + @0/32 (0.5 — &) (10e)
Equations (9) and (10) are illustrated in Figs. 4 and 5 for
£, =0.25.
Stall Penetration

When and where separation occurs is determined by the
boundary-layer profile shape and the adversity of the local
pressure gradient. On the pitching airfoil, the flow accelera-
tion on the leeward side will delay the flow separation. The
pressure gradient of the external flow at the boundary-layer
edge is given by the complete Bernoulli equation

—(1/po)(dp./dx) = oU,/0t + UoU./ox) 11)
With z/¢ = £, Eq. (11) can be written
dpe/dE = —p.U.[(OU./0f)(c/Ue) + oU./0E]  (12)

For constant freestream velocity, U. changes only through
airfoil pitching. Thus »
dp./dé = —p,U[(QU./0a)(ca/Us) + dU./OE] (13)
That is

dp./0k = (0p./0E)s—0 + (Op./Oa)(ca/U.)  (14)

On the leeward side of the airfoil 0p./0c is negative, as
suction increases with angle of attack. Consequently, the
pressure gradient dp./dz is decreased on the leeward side
when the airfoil pitches at a certain rate, ec/U, > 0, and the
boundary layer separation is, as a consequence, delayed.

J. AIRCRAFT
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Fig. 5 Substall dynamic moment characteristics for
smallamplitudeoscillations in pitch around quarter chord.

That is, the separation will in the unsteady case lag behind
the static or steady-state condition, allowing an overshoot of
the static stall angle of atiack.

Discussion

Substantial overshoot of the static Cr_,, has been observed
on aircraft penetrating the stall at non-zero angle-of-attack
rates.'t.'2 The overshoot of as.n and corresponding over-
shoot of Cir,, at low Mach numbers are almost entirely
caused by the pitch rate induced flow acceleration and corre-
sponding delay of the adversity of the leeward side pressure
gradient, the ‘“frequency induced plunging” described in
Ref. 13. The decrease of the adversity of the pressure
gradient is proportional to (ca/U,)—see Eq. (14) —and the
overshoot of the stall angle of attack will also be proportional
to (ca/Us). TFor leading-edge type of stall, the a,-overshoot
Aa, gives directly an overshoot of Cr,.., ACL.. = Cry
Aca, (Fig. 6a). Bimilarly, an effective Aa; can be defined for
the Cr,..-overshoot of trailing-edge stall (Fig. 6b). The
overshoot derivative da,/0(ca/U.) can be used to define
the overshoot A« as follows:

o, e [
s v~ @t = ()86 09

Thus, the overshoot derivative da,/[0(ca/Us.)] is equiva~
lent to a dimensionless time lag A&, where A&, is the dis-
tance in chord lengths that the airfoil travels during the
acceleration produced overshoot of a, (and Cir,,.). Experi-
mental dynamic data give the following range for Af.;
1 < A, < 9. The large values of this equivalent time lag
means that the dynamic effects of flow separation can be
large even when the static effects are small. At higher sub-
sonic speeds, the Cz, . -overshoot is negligible.’? This does
not, however, mean that the acceleration-induced effects are
negligible. The shock-induced separation existing at higher
Mach numbers induce a force couple very similar to that
existing on cone cylinders at high subsonic Mach numbers.!1®

Ao
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1.6
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NACA 2301X

AR ~ 6

R- = 0.9 « 108

M - 0.19

a) Leading-edge stall

REF. 10
NACA 65,-213 —

65 ) 6 — ~
Lol AR 76 Rg=da.a0 - ~

b) Trailing-edge stall

Fig. 6 Ci,,,~overshoot characteristics.

On an oscillating airfoil the frequency induced plunging?®
causes a similar overshoot of the static stall. Oscillatory stall
data® (Fig. 7) indicate that the equivalent time lag for the
stall overshoot is Af, = 2. This magnitude is also obtained
for dynamic stall of the trailing-edge type.1t16 For leading-
edge stall, moment stall precedes lift stall appreciably and
is, therefore, a better indicator of the aceelerated-flow-induced
stall delay. Thus, the very high value of A&, implied by
Fig. 6 is largely due to post stall vortex interference effects.!®

In order to predict unsteady airfoil characteristics vs
instantaneous angle of attack (the loops presented by Carta,
Liiva, Halfman, and others'—?®) the graphical construction
from static characteristics deseribed in Ref. 13 is used.
Figure 8 shows in detail how the construction is done. First,
the instantaneous loop is constructed. This is a composite
of effects which include lift overshoot and undershoot, and
attached and separated flow camber effects. Attached flow
phase lag (lumped von Kdrmdn-Sears lag) is used below stall,
where attached flow is anticipated, and the additional ac-
celerated-flow-phase lag is added after static stall, i.e., for
a(t) > a,. The discontinuous change in phase lag at c.i. is
faired out over Ao = 2°.

For turbulent trailing-edge stall complete antisymmetry
can be assumed for the delay of separation and reattachment
caused by the accelerated flow effect on the adversity of the
pressure gradient. The turbulent separation behavior is
very similar to boundary-layer transition', i.e., the separa-
tion does not occur suddenly but is present down to low
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Fig. 7 Oscillatory data for dynamic stall overshoot.

adverse pressure gradients or low angles of attack in form
of transitory stall spots that originate in the laminar sublayer.
Thus, the gradual loss of lift ean be thought of as a measure
of the intermittency factor for turbulent stall. As the pres-
sure gradient grows more and more adverse (with increasing
«) the spots grow in number and size, start to coalesce, and
finally destabilize the entire flow to develop full stall.

In construeting the instantaneous loop the limiting Cr,,,
for infinitely large Reynolds numbers was used, as oscillatory
stall data obtained by Halfman? and others indicate that the
oscillating airfoil seems to have a very much higher turbulence
level than the static airfoil.’®® The translating airfoil in Fig. 9

c
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sl oy T
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L’ STATIC DATA
ATTACHED FLOW_| Y 4
CAMBER o(q) i
1.0 ~ L
/ FINAL DYNAMIC
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/I ] c =T (a(t)
Y, ~= STATIC DATA
S FOR R;~0
x STALL CAMBER d(q)
0 I 1 | |
0 5 10 a 15 20 a(y)*

3r/2

27

wh

Fig. 8 Quasi-steady construction of dynamic normal

force characteristies including time lag effects due to

vortex wake and accelerated flow for turbulent trailing-
edge stall.
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Fig. 9 Comparison between time average Cr(a)-curves
for blunt, intermediate, and thin wings at R, = 10° (Ref. 3).
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Fig. 10 Effect of frequency on normal force estimates for
dynamic trailing-edge stall (NACA 0012 airfoil section,
Ref. 1).

J. AIRCRAFT

e EXPERIMENTAL

RESULTS
N\ oo QUASI-STEADY
ESTIMATES
Lol N\
M o= 0,4
o = 12.2°
Ao = 4,83
1.0

N STATIC DATA

0.5 L L L
5 10 15 20 o

a) Low frequency (& = 0.15)

n «=— EXPERIMENTAL
RESULTS
= o= QUASI-STEADY
ESTIMATES
1.5 P -
/ M = 0.4
/ % = 12,5
/ / Aa = 5,65°
/
Loy / /
y/ /
/ \STATIC DATA
/o —
0.5 ] ] |
5 10 15 20 @

b) High frequency (& = 0.71)

Fig. 11 Effect of frequency on normal force dynamic
characteristics (VERTOL 23010-1.58 airfoil section, Ref. 2).

has not the large pitch rate induced accelerated flow effect,
and one would expect the time average Cz to agree fairly well
with the static Cz. This is true for the blunt and inter-
mediate wing, but the sharp wing shows an unexpected
large overshoot of static Cz. The only rational explanation
we have been able to find is that the translatory oscillation
generates a higher effective Reynolds number than the nomi-
nal B, = 10%, causing a large increase of Cr,,.. It is the
sharp wing, with its high nose curvature, that will benefit
most from the energizing of the boundary layer (an effect
possibly equivalent to an increase of effective Reynolds
number), whereas the nose radius of the other two wings is
large enough to make Reynolds number changes above R, =
109 relatively less influentual on Cr,,,. When the airfoil is
oscillating in piteh, the increased accelerated-flow effect

- causes the expected additional overshoot. It is the fact that

the three wings reach very much the same (limiting) Cr,,x
characteristics that suggests using the limiting value for B, —
« to obtain the appropriate static characteristics to use for
the “upstroke” in the unsteady analysis. Conversely, the
limiting characteristics for B. — 0 are used for the reattach-
ment characteristies.

According to the assumed antisymmetry of turbulent
trailing-edge stall, A, is the same for the “down-stroke’ as
for the “‘upstroke.” Thin airfoil theory or static experi-
mental data gives the attached-flow pitch-rate-induced
camber effect,’® while static experimental data are used to
obtain the effect of camber after separation. Separated-flow
camber effects are used down to the stall point, & = a, — Aa,,
of the assumed static reattachment curve. At the limits
of the cycle when & = ¢ = 0, steady lift values are used. The
appropriate attached-flow and separated-flow time lags
described previously are then applied to these instantaneous
characteristics to obtain the final dynamic loop. Throughout
the loop constructions presented here, an effective equivalent
time lag of Af, = 2 was used for the accelerated-flow effect,
as it seemed to be a representative value for turbulent trailing-
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Fig. 12 Effect of angle of attack on dy-
namic characteristics of VERTOL 23010-
1.58 airfoil (Ref. 2).

edge stall. Dynamic data (Ref. 3 and Fig. 7) indicate this
to be valid also for leading-edge stall, and both stall types
are treated in the same manner when constructing the dy-
namic loops. For thin airfoil stall there may not be any
accelerated-flow effects to be concerned about, and it appears
that it should be possible to predict the unsteady character-
istics by the methods proposed by Sarpkaya'® and Ham.!?
No specific examples of unsteady thin airfoil stall are dis-
cussed in the present paper.

Figure 10 shows how well the quasi-steady time-lagged
predictions agree with Carta’s data for trailing-edge type
stall.l  Figure 11 shows that Liiva’s data? also can be pre-
dicted with a fair amount of success. The effect of fre-
quency is the same for both Carta’s and Liiva’s data. That
is, at high frequencies the agreement between quasi-steady
prediction and experimental data starts to deteriorate (Figs.
10b and 11b). At low frequencies, however, the measured
dynamic characteristics are well predicted throughout the
angle of attack region from sub-stall to deep stall (Fig. 12).
1t is especially encouraging that the moment characteristics
are so well predicted, including the undamping loop obtained
at stall penetration (Fig. 12b).

In view of all the various flow mechanisms involved, the
suceess of the simple analytical predictions from static data
to match the experimental dynamic characteristics is very
encouraging. It is undoubtedly true, however, that much
work still remains before the problem of dynamic stall will be

completely understood. A more detailed knowledge of the

— — — = QUASI STEADY ESTIMATES

24.57°

STATIC DATA

EXPERIMENTAL RESULTS

M = 0.4 N
W= 0.124 STATIC
Aot = 4.85° EXTRAPOLATION

b) Pitching moment characteristics

static characteristics is needed, in particular, in regard to the
transition from stall to reattachment. At high reduced fre-
quencies, interaction with the “spilled” vortex for leading-
edge stall'® and with motion-independent vortex shedding
have to be included, as well as downwash effects from the
previous “‘stroke.”

Conclusions

A study of unsteady airfoil stall has revealed that most
of the apparently anomalous characteristics of trailing-edge
and leading-edge stall can be explained by simple analytic
concepts and can, to a large extent, be predicted from static
(experimental) characteristics. The prominent and out-
standing problem analytically is the large dynamic over-
shoot of static stall and undershoot of static reattachment.

The overshoot and undershoot are caused by two oscilla-
tion induced effects: 1) the effect of the induced flow ac-
celeration on the adversity of the pressure gradient; and 2)
the effect of the induced change of the effective Reynolds
number or turbulence level. Both effects are to a first ap-
proximation proportional to cé/U,. the dimensionless fre-
quency-induced plunging.

The aforementioned general characteristics are often upset
by a change of stall type. Thus, a static leading-edge stallmay
convert into a dynamic trailing-edge stall. This can happen
through oscillation-induced accelerated-flow effects on the
pressure gradient or by the oscillation-induced energizing
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of the leading-edge boundary layer resulting in an apparent
increase of the “‘effective Reynolds number.”
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Empennage loads on a T-tail transport were determined for simultaneous application of

vertical and lateral gust components of atmospheric turbulence.

A real-time analog-digital

computer simulation employing data from tests in the NASA Langley transonic dynamics
tunnel investigated the relative importance of nonlinear effects caused by the combined gusts.
These effects were found to be negligible, but the linear contributions of the lateral gust on

the horizontal stabilizer load were found to be significant.

Results are presented in the form

of power spectral densities and load exceedance rates that indicate how much the expected
maximum stabilizer load is increased when combined gusts are considered.
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QyyQz = lateral and vertical acceleration of a point on the
empennage

B,BH = vertical tail and horizontal stabilizer total angles of
sideslip due to motion and gust

BM1,2,3 = bending moments in horizontal stabilizer, fin tip, and
fin root

b = span of wing

Ci; = nondimensional empennage load coefficient [see Eq.
(10)]

¢ = wing mean aerodynamic chord

d(n) = perpendicuiar distance from elemental mass location
to bending moment axis

fo = natural frequency, Hz

foss fwy = lateral and vertical gust forces

H = complex one-dimensional frequency response func-

tion



